Abstract: The single-phase p-q theory for the purpose of active power filtering in the case of single-phase loads is dealt with here. A simple modification is proposed to develop a generalised single-phase p-q theory that can be utilised under the condition of distorted utility voltage. A systematic study is presented by realising both direct and indirect current control techniques. The simulation as well as the digital signal processor (DSP) (DS1104 of dSPACE) based experimental results are discussed. The developed single-phase shunt active power filter (APF) prototype is tested under different operating conditions with different loads to evaluate the full capabilities of the proposed generalised theory for practical uses. The shunt APF reduces the source current total harmonics distortion (THD) from 27.2 to 3.4% under a distorted supply voltage with a THD of 16.2%.
Introduction
Power electronics-based devices/equipments are a major key component of today's modern power processing, at the transmission as well as the distribution level because of the numerous advantages offered by them. These devices, equipments, nonlinear load and so on, draw non-sinusoidal currents from the utility. Therefore a typical power distribution system has to deal with 'harmonics' in addition to 'reactive power support'.
Active power filters (APFs), such as shunt APFs, series APFs, hybrid APFs, unified power quality conditioner (UPQC) and so on, have made it possible to mitigate some of the major power quality problems [1, 2] . The shunt APFs are generally utilised to compensate load current related problems, such as reactive power, current harmonics, current unbalance, neutral current and so on. The existing literature shows significant development in APF system performance for three-phase systems. Recently, a lot of attention has been given to compensate power quality problems in single-phase systems. The most significant issues for a single-phase system are -reactive power and current harmonics, which are the major concerns for a modern power distribution system, since these issues play a vital role in giving rise to the other power quality problems. A single-phase APF can be installed at low-and medium-power applications, such as triac-based controllers for heating applications, uninterruptible power supplies, AC voltage regulators, switch mode power supplies, electronic fluorescent lamp ballasts, electric arc furnaces [1] [2] [3] , electric traction [4, 5] and so on. Three or more single-phase APF modules can also used in multilevel or multicell configurations for three-phase medium-power applications, such as motor drive applications [6, 7] .
A typical single-phase shunt APF system consists of a four-switch bridge inverter structure with a self-supporting DC bus as shown in Fig. 1 . To tackle power quality problems in a single-phase system, several control strategies are available [3 -5, 8 -10] . Among them the p-q theory, originally developed for three-phase systems by Akagi et al. [11] , is one of the most suitable theories to generate instantaneous reference signals for APFs. The p-q theory has satisfactory steady-state and dynamic response, but was limited to three-phase systems. Lui et al. [12] have successfully extended the concept of instantaneous active and reactive power separation in a À b coordinates for a single-phase system, although the major attention was devoted to harmonic compensation using a hybrid APF. Nevertheless, the advantages offered by the p-q theory for three-phase systems can be achieved in a single-phase system also. Haque [13] has carried out similar work focusing on the utilisation of the single-phase p-q theory for reactive power compensation especially in three-phase systems. This approach has also been used in a single-phase UPQC system [14] , a grid-connected photovoltaic (PV) inverter system for simultaneous active power filtering and power supply to the load from a PV inverter [15, 16] .
Most of the references are limited to i) simulation studies with an assumption of a pure sinusoidal supply voltage and/or ii) partial experimental studies. It is found that the capabilities of the single-phase p-q theory have not yet been studied in a generic manner with experimental validation. The major objective of this paper is to formulate the single-phase p-q theory in a generalised form, considering distorted supply voltage, such that it can easily be understood and used in single-phase as well as three-phase systems for active power filtering. It is shown in this paper that the p-q theory-based control algorithm can be used in the direct or indirect current control modes [17] . A systematic study is presented both by simulation and experimental validation. Section 2 discusses the concept of single-phase p-q theory, which is reformulated in a generalised form in Section 3 in the direct and indirect current control modes. The simulation results are discussed in Section 4. The extensive experimental investigation is presented in Section 5, and finally, Section 6 concludes the paper.
2 Single-phase p-q theory
The instantaneous reactive power theory or p-q theory is one of the most suitable theories to extract instantaneous reference signals for active power filtering. This theory was originally developed for three-phase (three-wires and fourwires) systems [11] . Recently [12, 13] , the three-phase p-q theory was expanded for single-phase systems such that the advantages of the multiphase p-q theory can be utilised in the case of single-phase systems. Moreover, the singlephase p-q theory can be well applied to multiphase systems, has advantage over the three-phase theory under the influence of unbalanced conditions, and generates a sinusoidal source current under unbalanced supply voltages and/or load conditions [13] .
The single-phase p-q theory is based on an instantaneous p/2 lag or p/2 lead of voltage and current to define the original system as a pseudo two-phase system. Thus, the overall system can then be easily represented in a À b coordinates. The original source voltage and load current are considered as quantities on the a-axis, whereas b-axis quantities are obtained by a p/2 lag or p/2 lead of the source voltage and load current.
The single-phase source voltage representation in a À b coordinates with a p/2 lead
Similarly, the load current representation in a À b coordinates with a p/2 lead
The instantaneous single-phase active power and the instantaneous single-phase reactive power, as defined in the original three-phase p-q theory, can be represented as
The p(vt) and q(vt) can be expressed as
where p(vt) and q(vt) represent the DC components responsible for instantaneous fundamental active and reactive power, whereasp(vt) andq(vt) represent the AC components responsible for harmonic power. The reference compensating current can be extracted by taking the inverse of (3) as Fig. 2a . The generated pure sinusoidal supply voltage signal is then used in instantaneous reference signal extraction. This simple modification in the original theory can help eliminate the adverse effect of the distorted supply voltage. Thus, the modified single-phase p-q theory can be effectively used in a single-phase system to compensate the load reactive power demand and load-generated current harmonics even under a distorted supply voltage. In addition to this, the modified single-phase p-q theory can also be applied to a three-phase system. For a three-phase system, each phase can be considered as a separate single-phase, and a modified single-phase p-q theory can be applied to each phase independently. Moreover, under three-phase distorted and unbalanced supply voltages the modified single-phase p-q theory can result in better extraction of reference currents and hence better compensation. This is an additional benefit of the modified single-phase p-q theory over the original three-phase p-q theory. Thus, the modified single-phase p-q theory can give much better results under a distorted voltage and distorted load current for a single-phase system, as well as under distorted and/or unbalanced supply voltages with distorted and/or unbalanced load for a three-phase system and, hence, it is termed as a 'generalised single-phase p-q theory'.
Equation (3) can be rewritten as
where v Ã Sa (t) represents the generated reference supply voltage signal. From (8) , there are two possible ways to extract the reference compensating currents, as discussed below.
Direct current control technique (reference compensating current as reference shunt APF current)
To compensate the harmonics generated by a single-phase load as well as to compensate reactive power required by the load, the shunt APF should inject a compensating current that would be the sum of both the harmonic and reactive currents demanded by the load, that is, the reference compensating current should be based onp(vt), q(vt) and q(vt). The termp(vt) in (8) can easily be extracted from p(vt) by using a high-pass filter (HPF)
where
2 and the term p dc (vt) represent the requisite amount of active power that the shunt APF should take from the supply in order to have a self-supporting DC bus. This active power is essential to overcome the losses associated with the shunt APF. It is desired that the APF system should have a DC bus voltage larger than the peak amplitude of the input voltage. In this paper, a factor of 1.2 is considered and, thus, the 100 V (RMS) supply voltage gives a reference DC bus voltage (V Ã dc ) of 170 V. The selection of the DC bus capacitor value, for a scaled experimental prototype, is based on the procedure given in [18] . The energy exchange (De dc ) between the APF system and load can be expressed as [18] 
The p/2 phase shift between a À b axis quantities results in a minimum half-cycle delay in computation (t d ) of instantaneous load active and reactive power demands. The scaled laboratory prototype is considered to be rated at 750 VA. Thus, the energy exchange during the load perturbation/transient conditions can be determined (with a maximum active power demand of 500 W) as (11), gives C dc ¼ 1214 or 1098 uF. For an experimental prototype, the C dc is considered as 1200 uF/220 V. The DC bus voltage control loop is shown in Fig. 2b . The gains kp and ki are set at 2.1 and 2.5, respectively. The high-frequency switching of the inverter causes switching ripples on the DC bus. These switching ripples can introduce an error in reference signal estimation. Therefore the sensed dc link voltage, before comparison with the reference value, is processed using a low-pass filter (LPF). The LPF imposes a delay in dc feedback control loop. The performance of the dc feedback loop and, hence, the DC bus voltage settling response time during transient/load perturbation, is slightly affected by the LPF, and is dependent on its cut-off frequency. The LPF does not affect the performance of the DC regulator during a steady-state operating condition. In this paper, the 30 Hz cut-off frequency is used for the LPF. In (10), i Ã Comp,Sh represents the reference compensating current for the shunt APF, which should be compared with the actual shunt APF current in order to generate the required switching pattern for the voltage source inverter (VSI). Since a -axis quantities represent the actual signals and b -axis quantities are phase shifted by a p/2 lead, the i Ca (vt) gives the required reference current signal. In the above-mentioned case, the shunt APF current is directly controlled and, hence, it is termed as the direct current control technique. With this technique, it is also possible to compensate only load reactive power or only load-generated harmonics by puttingp(vt) or q(vt) equal to zero in (9), respectively. This is one of the unique capabilities of the p-q theory where one can choose reactive power or harmonics compensation or simultaneously the reactive and harmonics compensation features. The block diagram to generate the reference current based on the direct current control technique is shown in the Fig. 3 .
Indirect current control technique (reference compensating current as reference source current)
From (8), p(vt) represents the instantaneous fundamental load active power that the source should supply. Thus, if term p(vt) is taken into consideration while extracting the reference compensating current then the source will supply only fundamental active power to the load, eliminating the harmonic and the reactive power demands indirectly. The term p(vt) in (8) can be easily extracted from p(vt) by using an LPF that is
where i Ã Comp,S represents the reference source current that should be compared with the actual source current in order to generate the required switching pattern for VSI. In the above case, since the shunt APF current is indirectly controlled, it is termed as the indirect current control technique. The block diagram to generate the reference current based on the indirect current control technique is shown in Fig. 4 .
Simulation results
The proposed generalised single-phase p-q theory is simulated to confirm the performance with a single-phase shunt APF. The SIMPOWERSYSTEM block sets of MATLAB/ Simulink has been utilised as the simulation tool. The simulation results are shown in Figs. 5 -7. The supply voltage is considered as distorted with a voltage THD of 5.2%. Fig. 5 shows the simulation results with direct current control, applying the generalised p-q theory. Initially, the load on the system is the R-L load, drawing a lagging current with a power factor of 0.76. The shunt APF in this case provides the load reactive power by injecting a leading quadrature current. Thus, the source only supplies active power to the load. At time t 1 , the load on the system suddenly changed from a linear RL load to a nonlinear load. The changeover from one operating condition to the other is fairly smooth. The sudden change in the load causes a drop in the DC link voltage. The DC bus feed-back controller restores the DC link voltage back to set reference value in 6 to 8 cycles. The nonlinear load current has a THD of 32%. The shunt APF under this condition cancels the current harmonics generated by the nonlinear load, and makes the source current sinusoidal with a THD of 7.6%.
The simulation results with indirect current control, applying the generalised p-q theory, are shown in Fig. 6 .
The shunt APF in this case also maintains the unity power factor and further reduces the source current THD to 4.6%.
An important observation, as noticed from Figs. 5 and 6, the p-q theory with direct and indirect current control techniques, especially under nonlinear load condition show some dissimilarity in the results (source current THDs -7.6 and 4.6% with the direct and indirect techniques, respectively). The reason behind these diverse results is explained as follows -the necessary condition to apply the three-phase p-q theory concept for a single-phase system involves a p/2 shifting of the supply voltage and load current. To achieve a p/2 lead, a discrete lead-lag compensator block is used during the implementation. It is found that the input -output response of the discrete leadlag block is significantly affected by nonlinearity present in the input signal. Fig. 7 shows the simulation results to visualise the limitation in the discrete lead-lag compensator block to realise a single-phase p-q theory. The input to the lead-lag block, which is the sensed load current i L ¼ i La , and its output response which is a p/2 lead current i Lb , are shown in Figs. 7a and 7b , respectively. As noticed from Fig. 7b , before time t 1 , when the input to the discrete leadlag block is a perfect sinusoidal signal (here because of linear RL-load), the output profile is exactly the same as the input with the required p/2 lead. On the other hand, when the input to this block contains severe distortion (after time t 1 ), the profile of the output current i Lb is not exactly the same as that of the input, and causes an overshoot at step change points (marked by circle in the figure) . However, the fundamental component of the output current i Lb is exactly at a p/2 lead to i La . The total estimated instantaneous active power p(vt) using (4), and the total estimated instantaneous reactive power q(vt) using (5), are shown in Figs. 7c and 7d , respectively. The presence of overshoot in current i Lb can be easily noticed on the estimated total instantaneous active and reactive power.
The direct current control technique is based on the determination of instantaneousp(vt) and q(vt) terms. The termp(vt) is associated with an instantaneous harmonic part of the active power, and it is extracted from the total instantaneous active power p(vt) using an HPF. The profile of the extracted powerp(vt) is shown in Fig. 7e . The presence of overshoot in the current i Lb as that in the power p(vt) can also be seen onp(vt) terms. Thus, the limitation of the discrete lead-lag compensator, particularly for nonlinear signal results in erroneousp(vt) and q(vt) power estimations. In other words, since the p/2 lead current profile is not exactly the same as the actual load current profile, the determination of the reference shunt APF current for the direct current control technique gives a false estimation and that is the reason why even after compensation, the source current shows a significant presence of spikes. For the R-L load, before time t 1 , the direct current control technique works as desired without any problem since the p/2 lead current i Lb is an exact replica of the linear load current i La . Therefore as noticed from Fig. 7e , before time t 1 , the estimation of the total instantaneous reactive power q(vt) is without any error. Moreover, the part of the oscillating harmonics of the active power,p(vt), in this case is almost zero because of the linear RL-load.
The indirect current control technique is based on the determination of the DC power term p(vt), and it is extracted from the total instantaneous active power p(vt) using an LPF. The profile of the extracted power p(vt) is shown in Fig. 7f . As noticed from the figure, the effect of the peaky current i Lb does not appear in p(vt) because of the fact that the p(vt) term corresponds to the instantaneous fundamental active power only and the peaky current contributes to the harmonics power. Hence, whether the load is linear or nonlinear, the instantaneous fundamental load active power p(vt) estimation is always an accurate DC power representation, which is used for reference source current generation. Thus, the indirect current control technique does not show any significant effect on APF compensation. This is the major reason why the indirect current control technique shows a performance superior to that of the direct technique.
Experimental results
A scaled single-phase shunt APF prototype was designed, developed and implemented in the laboratory. The generalised single-phase p-q theory is implemented on a MATLAB/Simulink platform, and DS1104 DSP of dSPACE is utilised to implement the control algorithm in real time. The real-time workspace generates automatic C-codes for the developed Simulink model. These C-codes are then transferred to the DS1104 DSP. To keep the switching frequency ( f sw ) of the current controlled VSI independent of the sampling frequency ( f s ), the DS1104 DSP is used to generate reference shunt filter current and reference source currents. The generated reference signal for a direct or indirect current control technique is taken out of the DS1104 with the help of a digital to analogue channel, which then used in the external hysteretic current controller circuitry. The average switching frequency at which the inverter was working was found between 5 and 7 kHz. The proposed algorithm required a sampling time of 30 ms to execute the MALTAB/Simulink generated C-codes in real time.
Three of the four quantities sensed for real-time hardware implementation are the supply voltage, load current and DC link voltage for a self-supporting DC bus. A current sensor is used to sense the fourth quantity, the actual shunt APF current for the direct current control technique or the actual source current for the indirect current control technique. The design specifications and circuit parameters used in the laboratory prototype are given in Table 1 . The systematic study has been carried out in the laboratory to validate the single-phase p-q theory experimentally. The performance of the shunt APF for the original p-q theory as well as the proposed generalised single-phase p-q theory, with direct and indirect current control techniques, which give four possible cases, have been studied. For accurate comparison between the four possible cases the supply voltage magnitude and the load are kept same. Also, the sampling time chose is to be the same at 30 ms. 
Case 1: original single-phase p-q theory with direct current control technique
The experimental results for Case 1 are given in Figs. 8a and 8b. As mentioned above, the available supply voltage had a THD of 5.7%. A linear R-L load when connected across a distorted supply voltage draws a current (a lagging power factor of 0.76) with a THD of 3.8%, can be noticed from Fig. 8a . When the shunt APF is turned ON, it supplies the load reactive power demand by injecting a leading quadrature current with respect to the supply voltage. The shunt APF compensates the load reactive power demand locally. Thus, the load seen by the source appears almost as a linear resistive load supplying only the active power demand of the load. The source current has a THD of 9% (with a supply voltage THD of 5.7%). The shunt APF in this case acts as a power factor corrector or reactive power compensator. Fig. 8b shows the experimental results with a nonlinear load connected to the system. The load current has a THD of 27.2% with dominant third, fifth and seventh harmonics of 23.6, 13.5 and 8.5%, respectively. The source current profile shows a significant presence of harmonics even after the shunt APF is in operation. The source current has a THD of 10.1% (with a supply voltage THD of 6.1%). The shunt APF in this case acts as a harmonic compensator.
The higher value of the source current THD under nonlinear load is partly because of the limitation of the 
Case 2: original single-phase p-q theory with indirect current control technique
The experimental results for Case 2 are given in Figs. 9a and  9b . With an R-L load, as shown in Fig. 9a , the performance of the shunt APF is almost the same as discussed in the previous section. Here, the THD of the source current is 7.8% (with a supply voltage THD of 5.7%). Fig. 9b shows the experimental results with a nonlinear load. The shunt APF effectively cancels the harmonic generated by the nonlinear load by injecting an appropriate current such that the nonlinear load appears almost as a linear resistive load. The source current has a THD of 6.8% (with a supply voltage THD of 6.1%).
From Cases 1 and 2, for the reactive load (with a supply voltage THD of 5.7%) the direct and indirect current control techniques result in unity power factor operation with the source current THDs of 9 and 7.8%, respectively, whereas for the nonlinear load (with a supply voltage THD of 16.2% before the shunt APF is ON, and 6.1% when the shunt APF is ON), the source current has THDs of 10.1 and 6.8%, respectively. Thus, with the original p-q theory, it is almost impossible to achieve the THD of the source current less than that of the supply voltage. This is because of the presence of harmonics in the supply voltage, which appears in compensating currents as given by (7). This fact can be noticed from the Figs. 8a and 9a, where the shunt APF current profile (i sh ) is close to the supply voltage profile.
Case 3: generalised single-phase p-q theory with direct current control technique
It is found that the direct current control technique even with the generalised theory imposes the same limitation of the discrete lead-lag compensator, particularly for the nonlinear load, as discussed in the Section 4. Therefore the experimental results for this case are not given. The source current THDs with the R-L and nonlinear loads are found as 2.5% (lower than the supply voltage THD) and 6.6%, respectively.
Case 4: generalised single-phase p-q theory with indirect current control technique
The experimental results for Case 4 are given in Figs.10a and 10b. For the R-L load, as shown in Fig. 10a , the performance of the shunt APF is the same as discussed in the previous section. Here, the THD of the source current is noticed as 2.3%. For the nonlinear load, as shown in Fig. 10b , the shunt APF effectively cancels the harmonic generated by the load. The source current THD in this case is noted to be 3.4%. The measured THD values are given in Fig. 11 . Table 2 gives the summary for the performance of all the above discussed four cases. It is clear from the table that the generalised single-phase p-q theory with the indirect current control technique gives the best results, and it is possible to achieve the THD of the source current THD (3.4%) lower than that of the supply voltage; in other words, the single-phase p-q theory can now be applied even if the supply voltage is distorted. 
Comparison between direct and indirect current control techniques with generalised p-q theory
The shunt APF with the direct and indirect current control techniques were tested for several different operating conditions as well as with different loads. The comparison between these two techniques is given in Table 3 . Both the techniques give almost identical performances. The limitation with the discrete lead-lag compensator under the nonlinear load condition renders the direct current control technique unsuitable. Therefore the experimental results for the indirect current control technique with the generalised p-q theory are only given in this paper (Figs. 12-14) . The response of the shunt APF during its Turn-ON and Turn-OFF processes are shown in Figs. 12a and 12b , respectively. As viewed from these results, the shunt APF response is instantaneous without any delay in the operation. As discussed previously, because of the nonlinear load, the supply voltage THD increased to 16.2%. This fact can be noticed from Fig. 12a , before the APF is ON, and from Fig. 12b , after the APF is turned OFF. The interesting observation noticed during the current harmonics compensation is that -as the shunt APF compensates the current harmonics generated by the nonlinear load, the source current profile becomes close to sinusoidal, resulting in the drop across the line impedance. Thus, when the shunt APF is ON, the source voltage THD is reduced to 6.1% (Fig. 12a -after the APF is turned ON, and Fig. 12b -before the APF is turned OFF). Fig. 13 shows the transient response of the shunt APF. The load current is abruptly increased from 2.52 to 4.05 A (RMS). As viewed from Fig. 13a , the changeover from one operating condition to the other is smooth, maintaining the perfect compensation. Fig. 13b shows the experimental results when the load current decreased from 4.05 to 2.52 A (RMS). The sudden increase and decrease in the load current causes a small dip and rise in the DC link voltage, respectively, as seen from Fig. 13c , but the DC link feedback controller restores the DC link voltages back to the reference values. The load current THD values for the two types of load along with the source current THD values are given in Table 4 . (Table 1) . The capacitive loads, the most disreputable loads on a single-phase network, are generally considered as voltage harmonics type of loads, and can be compensated more effectively using series active filters, [19] . The load current has a THD of 56.8% with such a load. The shunt APF, with the generalised p-q theory, is able to reduce the THD at the source side, up to 10.8%.
Conclusion
The generalised single-phase p-q theory has been proposed, simulated and successfully validated experimentally. The laboratory prototype of a single-phase APF system has been developed utilising DS1104 DSP of dSPACE, and tested for different operating conditions. The extensive experimental investigation has been carried out by comparing the generalised theory with the original single-phase p-q theory with two types of current control techniques -the direct and indirect current control techniques. It is found that the indirect current control technique with the generalised p-q theory gives a better performance. The APF system maintains a self-supporting DC bus voltage and it functions as a reactive power and harmonic compensator. The power factor, with an R-L load, is improved from 0.76 lagging to a unity power factor. The source current THD, for the nonlinear load, is reduced from 27.2 to 3.4% under a distorted supply voltage with a THD of 16.2%. 
